We have characterized the putative α-glucosidase gene (st2525) selected by total genome analysis from the acidothermophilic crenarchaeon Sulfolobus tokodaii strain 7. The ORF was cloned and expressed as a fusion protein in Escherichia coli, and recombinant ST2525 was purified by Ni-NTA affinity chromatography. Maximum activity was observed at 95 o C and pH 4.0, and the enzyme exhibited stability with half-lives of 40.1 min and 7.75 min at extremely high temperatures of 100 o C and 105 o C, respectively. The enzyme retained at least 85% of its maximal activity in the pH range of 4.0-11.0. ST2525 exclusively hydrolyzed α-1,4-glycosidic linkages of oligosaccharides in an exo-type manner, with highest catalytic efficiency toward maltotriose. The enzyme also displayed transglycosylation activity, converting maltose to isomaltose, panose, maltotriose, isomaltotriose, etc. From these results, ST2525 could be potentially useful for starch hydrolysis as well as novel synthesis of oligosaccharides in industry.
α-Glucosidase (E.C. 3.2.1.20) is a typical exo-type glucosyl hydrolase that releases α-glucose from the nonreducing end of substrates. α-Glucosidases commonly associate with other amylolytic enzymes, which completely degrade and utilize starch as a carbon source. They are widely distributed in eukaryotes and prokaryotes and exist in microorganisms as intracellular, extracellular, or cellbound enzymes, where they play important roles in uptake/ utilization of nutrients and post-translational modification processes [17, 37, 38] .
These enzymes are further classified into three types according to their substrate specificity. α-Glucosidase Type I enzymes, including glycoside hydrolases (GH) Family 13, which hydrolyze aryl glucosides such as p-nitrophenyl α-D-glucopyranoside (pNPG) faster than short-chain maltooligosaccharides; α-glucosidase Type II enzymes that are more active on maltose and show low activity toward aryl glucosides; and α-glucosidase Type III enzymes that resemble α-glucosidase Type II in that they hydrolyze oligosaccharides and starch at similar rates [27] . α-Glucosidase Type II and Type III enzymes belong to GH Family 31. In addition to hydrolytic activity, some α-glucosidases possess transglycosylation activity that could be applied to the industrial production of isomaltooligosaccharides as well as conjugation of sugars to biologically useful materials [16, 28] . Specifically, there is increased interest in applying the transglycosylation activity of α-glucosidases to the biosynthesis of bioactive compounds owing to the specificity, efficiency, and safety of the enzymatic reaction [6, 23, 26] .
Numerous α-glucosidases have been characterized, with the majority from mesophilic organisms. Industrial application of these enzymes requires stability at high temperatures as well as toward common denaturant agents. Therefore, enzymes isolated from thermophiles have gained attention over the past decade [7] . Previously reported archaeal enzymes are from Picrophilus torridus [1] , Pyrococcus furiosus [5] , P. woesei [25] , Sulfolobus shibatae [8] , S. solfataricus [33, 34] , Thermococcus hydrothermalis [9] , and T. ziligii [32] . Up to now, a few thermostable α-glucosidases from thermophilic archaea have been characterized, as mentioned above. Extremozymes offer new opportunities for biocatalysis and biotransformations owing to their stability under extreme conditions. Both the discovery and characterization of new extremophilic enzymes will provide opportunities to use these enzymes in novel applications [14] .
Sulfolobus tokodaii strain 7, originally isolated from an acidic hot spring in Beppu, Kyushu, Japan in the early 1980s [15, 35] , is an aerobic thermoacidophilic crenarchaeon that grows optimally at pH 2.5-3 and 80 o C. Herein, an α-glucosidase gene (st2525) was cloned from S. tokodaii strain 7. The resultant recombinant protein was expressed in Escherichia coli cells and its biochemical properties were characterized. In particular, the thermostability, substrate specificity, and transglycosylation activity of the enzyme were investigated.
MATERIALS AND METHODS

Bacterial Strains and Chemicals
Sulfolobus tokodaii strain 7 was obtained from the Japan Collection of Microorganisms (JCM 10545). Escherichia coli TOP10 and BL21 (DE3) were purchased from Invitrogen Corp. (Carlsbad, CA, USA). p-Nitrophenyl α-D-glucopyranoside (pNPG) and maltooligosaccharide were purchased from Sigma Aldrich Co. (Milwaukee, WI, USA). Other chemicals used were of analytical grade.
Cloning, Expression, and Purification of ST2525 The S. tokodaii strain 7 α-glucosidase gene (st2525) was amplified by pfu DNA polymerase from genomic DNA using 5'-TCT CTACATATGATTGAAGTCGAAGAGAGA-3' (sense) and 5'-TGT CGTCTCGAGCAAGCTATTTTGAGTATT-3' (antisense) (underlined regions indicate NdeI and XhoI sites, respectively). The PCR conditions were as follows: hot start 95 o C for 10 min. The PCR product was purified using a Gel Extraction Kit (Qiagen, Hilden, Germany) and then digested with NdeI and XhoI in order to insert the digested pTKNd6×H vector, which harbors a 6-histidine tag at the C-terminus [19] . The resultant recombinant plasmid, pTKNd6×H-ST2525, was transformed into E. coli Top 10 for cloning. DNA sequencing was performed by Bioneer Co., Korea.
The recombinant E. coli BL21(DE3) carrying pTKNd6×H-ST2525 constitutively expressed recombinant ST2525, driven by the promoter of Bacillus licheniformis amylolytic enzyme [18] . After E. coli transformants were grown in kanamycin-supplemented LuriaBertani (LB) broth [1% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl] overnight, they were harvested by centrifugation (10,000 ×g, 10 min, 4 o C) and resuspended in 50 mM Tris-HCl buffer (pH 7.5) containing 0.3 M NaCl. The suspended cells were then disrupted by sonication, and the supernatant was obtained by centrifugation at 12,000 ×g (20 min, 4 o C) to remove cell debris. Recombinant ST2525 was purified by nickel-nitrilotriacetic acid (Ni-NTA) column chromatography (HisTrap HP, GE Healthcare, Uppsala, Sweden) with elution buffer (50 mM Tris-HCl, pH 7.5, containing 0.3 M NaCl and 250 mM imidazole). The eluted protein was desalted with 50 mM Tris-HCl buffer (pH 7.5) containing 0.3 M NaCl. The protein concentration was determined according to the Bradford method [3] with bovine serum albumin as a standard. The purity of the protein was examined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Enzyme Assays
Hydrolytic α-glucosidase activity was assayed at 80 o C with standard reaction buffer (30 mM sodium acetate buffer, pH 4.0) by measuring the amount of p-nitrophenol released from pNPG for 10 min. The reaction was stopped by the addition of two volumes of 0.2 M sodium carbonate solution. The absorbance of liberated p-nitrophenol was measured at 415 nm using a microsample plate reader (Model 680; Bio-Rad, Hercules, CA, USA). One unit of α-glucosidase activity was defined as the amount of enzyme that liberates 1 µmol of p-nitrophenol per minute.
Enzymatic activity on substrates other than pNPG was assayed at 80 o C with standard reaction buffer (30 mM sodium acetate buffer, pH 4.0) by measuring the amount of glucose released from various substrates for 10 min. Reactions were terminated by the addition of 0.15 N HCl, after which the same amount of 0.15 N NaOH was added for neutralization. Glucose was measured with a Glucose-E Kit (Youngdong Pharmaceutical Co., Seoul, Korea). One unit of α-glucosidase activity was defined as the amount of the enzyme that liberates 1 µmol of glucose per minute.
Effects of Temperature and pH on Activity and Stability of ST2525
The effect of temperature on ST2525 activity was determined in standard reaction buffer (30 mM sodium acetate buffer, pH 4.0) at a temperature range of 50-120 o C using pNPG as a substrate. Thermal stability was analyzed by assessing standard enzyme activity, as described above, following incubation at various temperatures for the indicated time. Enzyme activity and thermal stability at higher than 90 o C were determined using an oil bath. The effect of pH on ST2525 activity was measured at 80 o C in citric acid (pH 2.5-3.5), sodium acetate (pH 3.5-6.0), potassium phosphate (pH 6.0-8.0), Tris-HCl (pH 8.0-9.0), and glycine (pH 9.0-10.0) buffers. Enzyme stability according to pH was analyzed by incubating enzyme in buffer from pH 2.0 to 11.0 at 4 o C for 30 min. Residual enzyme activity was measured under the standard assay conditions described above.
Substrate Specificity of ST2525
In the substrate specificity experiments, for hydrolysis of glycosidic bonds, artificial substrate such as pNPG was used; for hydrolysis of nonreducing α-1,4 glycosidic linkages, maltooligosaccharides (from maltose to maltoheptaose) were used; for hydrolysis of nonreducing α-1,6 glycosidic linkage, isomaltooligosaccharides (isomaltose, isomaltotriose, and panose) were used. In addition, disaccharides (trehalose, cellobiose, sucrose, turanose, and lactose) and a trisaccharide (raffinose) were used for glucose formation. In the enzyme assay, all sugars were prepared at a concentration of 10 mM and reacted at 80ºC for 10 min.
For the kinetic analysis, velocity measurements were performed for 10 min at 80 o C using 0.03 U of ST2525, and various kinds of substrates were assayed. K m and k cat values were calculated by the direct linear method with double reciprocal plots using SigmaPlot ver. 11.2 (Systat Software Inc., San Jose, CA, USA).
Transglycosylation Activity Analysis
The transglycosylation activity of the enzyme was determined using 0.3 U of purified ST2525 and different concentrations of maltose ranging from 1% (w/v) to 30% (w/v) in standard reaction buffer at 80 o C. After different time intervals, samples were spotted on silica gel K5F plates (Whatman, Maidstone, UK) using 1-butanol/ethanol/ H 2 O [3:3:1 (v/v/v)] as the solvent system. After development, the THERMOSTABLE α-GLUCOSIDASE FROM SULFOLOBUS TOKODAII STRAIN 7 58 TLC plate was dried and visualized by dipping it into solvent containing 3 g of N-(1-naphthyl) ethylenediamine and 50 ml of concentrated H 2 SO 4 per liter of methanol. The plate was then dried and placed in an oven at 110 o C for 10 min. Transglycosylation products analyses were carried out using highperformance anion-exchange chromatography (HPAEC). Filtered samples were eluted in 150 mM NaOH in a linear gradient of sodium acetate ranging in concentration from 0 to 180 mM for 30 min at a rate of 1 ml/min through a CarboPac PA-1 column (Dionex Co., Sunnyvale, CA, USA) and using a pulsed ampherometric detector (PAD; Dionex Co.).
RESULTS AND DISCUSSION
Cloning and Expression of α-Glucosidase from S. tokodaii strain 7 (ST2525) Analysis of the genome of acidothermophilic crenarchaeon S. tokodaii strain 7 revealed the presence of an ORF encoding the α-glucosidase gene (st2525) at position 2,531,978-2,533,903. The deduced amino acid sequence was composed of 641 amino acid residues and exhibited high homology with archaeal proteins, such as α-glucosidases from Acidianus hospitalis W1 (66% identity), Sulfolobus solfataricus P2 (60% identity), S. islandicus M.16.4. (60% identity), S. acidocaldarius DSM 639 (44% identity), Metallosphaera sedula DSM 5348 (58% identity), and M. cuprina Ar-4 (58% identity), as shown in Table 1 . In addition, the sequence exhibited homology with fungal α-glucosidases from Aspergillus niger, A. oryzae, Mucor javanicus, and Pseudozyma tsukubaensis with 26-29% identities; plant α-glucosidases from sugar beet and spinach with 28% identities; and animal α-glucosidases from rabbit, rat, and human with 25-26% identities. S. tokodaii strain 7 α-glucosidase (ST2525) contained two conserved regions found in α-glucosidase Type II enzymes. Moreover, ST2525 had two essential amino acid residues, Asp-313 and Asp-424, which may be directly involved in the catalytic reaction. Encouraged by these findings, we constructed the expression plasmid pTKNd-ST2525 as described in Materials and Methods for the heterologous expression of ST2525 from E. coli.
Expression and Purification of ST2525
To investigate the biochemical properties of ST2525, expression of the st2525 gene in recombinant E. coli BL21 (DE3) harboring pTKNd-ST2525 was carried out. The recombinant enzyme was purified to homogeneity by Ni-NTA affinity chromatography with a 6×-histidine tag at the C-terminus. The purified protein had a specific activity of 12.7 U/mg and showed a single band corresponding to 70.5 kDa in SDS-PAGE (Table 2 and Fig. 1 ). The molecular mass of recombinant ST2525 was predicted to be 75.6 kDa from the deduced amino acid sequence data. Of note, discrepancies between apparent and predicted molecular masses have often been observed in amylolytic enzymes [4, 22] .
Effects of Temperature and pH on Activity and Stability of ST2525 α-Glucosidase activity was measured spectrophotometrically using p-nitrophenyl α-D-glucopyranoside (pNPG) as a substrate. The recombinant ST2525 was found to be active in the temperature range from 75 [31] . From these results, ST2525 is a thermostable α-glucosidase exhibiting an extremely high temperature optimum, similar to other archaeal α-glucosidases.
The effects of pH on the activity and stability of ST2525 are shown in Fig. 2C and 2D . The enzyme showed activity in the pH range from 3.5 to 5.0, with an optimum pH of 4.0. Interestingly, ST2525 was very stable even in the broader pH range of 4.0-11.0, retaining at least 85% of its maximal activity. As thermostable enzymes have more rigid protein structures than their mesophilic counterparts, their conformational stability increases their stability over a wide pH range as well as at high temperatures [11, 13] .
Substrate Specificity of ST2525
The specificities of ST2525 for various substrates are summarized in Table 3 . ST2525 showed hydrolytic activities on α-1,4-linked maltooligosaccharides in decreasing order of maltose, maltotriose, maltotetraose, maltopentaose, and maltohexaose. This enzyme also hydrolyzed α-1,6-glucosidic bonds in panose, isomaltose, and isomaltotriose. ST2525 hydrolyzed panose to glucose as a final product and produced maltose as an intermediate product (data not shown), which reveals that the linkage split in each maltooligosaccharide was a nonreducing terminal one. p-Nitrophenyl α-Dglucopyranoside (pNPG) was hydrolyzed by this enzyme to a lesser extent compared with maltose. No activity could be detected with either substrate other than α-1,4-glucosidic bond or starch. To summarize, ST2525 exhibited only α-1,4-and α-1,6-glycosidic activities with a preference for α-1,4-glycosidic linkages within short chain length maltooligosaccharides. This result has previously been observed using other archael α-glucosidases such as P. furiosus α-glucosidase [5] and S. solfataricus α-glucosidase [33] . Therefore, these enzymes could be classified as α-glucosidase Type II according to their substrate specificities Table 3 . Substrate specificities of ST2525.
Substrate
Glycosidic linkage Specific activity (µmol/min/mg protein)
a ND : not detected. for α-1,4-linked maltooligosaccharides other than pNPG [27] .
To further investigate the substrate specificity of ST2525, kinetic parameters for hydrolysis of maltooligosaccharides of various chain lengths were measured ( Table 4 ). Assuming that K m reflects enzyme affinity for a substrate, the obtained K m values suggest that ST2525 had a lower affinity for maltose (10.9 mM) than for maltooligosaccharides (3.11 mM for maltotriose, 2.78 mM for maltotetraose, 2.33 mM for maltopentaose, etc). The K m value of 10.9 mM for maltose was higher than those previously measured for Picrophilus torridus (3.7 mM; [1] ) and Pyrococcus furiosus (5.2 mM; [5] ) of archaeal origin. Furthermore, the K m values for substrates with α-1,6-glycosidic linkages were higher than those with α-1,4-glycosidic linkages, similar to that found using P. furiosus α-glucosidase [5] . The k cat value for ST2525 showed a high turnover number on maltose and gradually decreased as the number of glucose units in the substrate increased, as shown in Table 4 . Interestingly, the k cat values for isomaltose, pNPG, and panose were similar to those for maltooligosaccharides. The catalytic efficiency, k cat /K m , of ST2525 in hydrolysis of maltotriose was the highest among all substrates, which suggests that ST2525 hydrolyzed maltotriose at 1.4-, 2.5-, 4.0-, and 10.6-fold higher efficiency as compared with maltose, pNPG, panose, and isomaltose, respectively. This property is partially shared with some yeast α-glucosidases, which show decreased hydrolysis of maltotriose to maltopentaose with an increase in glucose polymerization [12, 20, 29] . However, in contrast to ST2525, yeast α-glucosidases hydrolyze pNPG, isomaltose, and sucrose more rapidly than α-1,4-maltooligosaccharides.
Transglycosylation Activity of ST2525
Compared with chemical reactions, enzymatic processes provide increased specificity, efficiency, and safety in the synthesis of biologically active compounds. Therefore, there is motivation to identify enzymes with transglycosylation ability [2] . Some α-glucosidases in bacteria demonstrate transglycosylation activity in uptake/utilization processes in addition to their hydrolytic activity [13, 28, 37] . Researchers have reported that Geobacillus sp. HTA-462 [13] , Aspergillus niger [24] , and Bacillus sp. SAM1606 [28] α-glucosidases show high transglycosylation activities compared with other α-glucosidases. As shown in Fig. 3A , thin-layer chromatography (TLC) analysis of the product patterns for different concentrations of maltose [1-30% (w/v)] revealed that ST2525 possessed transglycosylation activity. At 1% (w/v) maltose, ST2525 preferred to hydrolyze rather than transglycosylate the substrate, showing lower than 1.9% transglycosylated products. However, transglycosylated product formation dramatically increased by 23.9% with 30% (w/v) maltose as a substrate after 24 h of reaction. To further investigate the composition of the transglycosylation products, HPAEC was used to analyze the products with 5% (w/v) maltose (146 mM maltose) as a substrate according to reaction time (Fig. 3B) . When the reaction time was extended, transglycosylation product yield increased. After 4 h of reaction, 1.7 mM of isomaltose, 0.3 mM of isomaltotriose, 2.2 mM of maltotriose, and 2.1 mM of panose were produced. The presence of isomaltose indicates that not only maltose but also glucose could be used as an acceptor in the glycosyl transfer reaction. Transglycosylated products with α-1,6-glycosidic linkages, such as isomaltose and panose, accumulated throughout the reaction, whereas •, Glucose; ○, maltose; ■ , isomaltose; □ , isomaltotriose; ◆, panose; ◇, maltotriose.
transglycosylated product with α-1,4-glycosidic linkages, such as maltotriose, reached a maximum after 2 h and then decreased as the reaction proceeded.
Many candidate amylase-related enzymes from whole genome sequences of extremophiles have been identified. However, only a few have been characterized in terms of their enzymatic properties and substrate specificities owing to difficulties in expression. Here, we identified and characterized an extremely thermostable α-glucosidase (ST2525) from S. tokodaii strain 7, as well as expressed its corresponding cloned gene in E. coli. ST2525 showed typical α-glucosidase Type II activity, and it was stable at high temperatures and over a broad pH range. Furthermore, it demonstrated transglycosylation as well as hydrolyzing activities toward substrates. These results suggest that ST2525 could be useful for starch hydrolysis, glucose production in combination with amylases, and enzymatic synthesis of novel oligosaccharides in industry.
